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A major problem area for DOD electro-optical (EO) systems,
from concept to operation, is the transmission losses due to atmo-
spheric gaseous and particulate constituents. Atmospheric effects on
high energy lasers are usually considered separately from those af-
fecting other EO systems such as target ranging, laser guidance,
target designation, forward looking infrared, etc. This is because
high energy lasers interact with the atmospheric medium dynamically,
changing its nature, while the performance of the remaining EOQ systems
is determined linearly from measurements of the components of the
losses, i.e., absorption, scattering, and refractive effects. How-
ever, measurements of these quantities plus additional information
such as values of meteorological parameters and identification by
absorbing constituents form the basis for nonlinear predictions of the
transmission of high energy laser energy as well,

In this paper we discuss in situ measurements of the absorp-
tion of infrared radiation primarily by atmospheric particulate mat-
ter., Absorption itself is of prime importance in determining the high
energy laser beam transmission losses, while for the EO systems it is
simply additive with the scattering and refractive losses.

Absorption by particulates is currently a major concern
in both of the previously mentioned types of systems because this
quantity is highly variable with the meteorological and battlefield
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conditions and has not been well identified in either composition or
magnitude. It is known that particulate absorption can be orders of
magnitude below the gaseous absorption. For example, this is typical
for the 10um "transmission window" in a quiescent atmosphere. However,
the particulate absorption can be considerably more than two orders of
magnitude above that due to gases for windy conditions. Fog and bat-
tlefield disturbances (including EO countermeasures) also represent a
relatively undefined but potentially strongly absorptive environment

in terms of particulate absorption,

Absorption and scattering, the two additive components of
extinction for a homogeneous medium, have similar functional dependen-
cies as described in the Lorenz-Mie theory. As a result of this simi-
larity, it is highly prcbable that, if the absorption is well known
and correlates well with the result calculated from particle counting
and sizing measurements, the scattering component can also be accu-
rately calculated on the same basis. Thus, even when scattering as
well as absorption is important (as for KO systems), measurements
whose explicit function is to measure or predict the scattering are
less vital if the absorption is measured together with the particle
densities as a function of size.

Since atmospheric aerosols are known frequently to be frag-
ile with respect to composition, e.g., particles with volatile compo-~
nents, it is important to measure their absorption in situ or, in !
other words, without removing them from their natural environment.

Other reasons for the importance of in situ measurements are that nei-
ther the bulk properties of many dtmobphctiL particulates nor, on a
real-time basis, the chemical composition of these particulates are
known,

Measurement of atmospheric particulate absorption in situ is \
difficult and to date atmospheric absorption due to this component has |
only been done definitively by indirect techniques (1-3). The spectro=
phone holds promise for making these measurements directly, bypassing
altogether measurements of particle shape, size, and complex refrac-
tive index. This paper reports results obtained using a calibrated in
situ spectrophone compared with results calculated from nearly simul=
taneous measurements of particle size distributions for particulate
samples consisting of known atmospheric absorbing species prepared in
this laboratory. We believe these to be the first detinitive in situ
measurements of aerosol absorption with a spectrophone (4).

The spectrophone technique was conceived nearly a century ago
by Alexander Graham Bell (5), but applications using laser sources

. : Py
g




*BRUCE, PINNICK, BREWER, YEE, and FERNANDEZ |

(with the advantages of high spectral resolution and power densities)
first appeared in 1968 (6); absorption measurements on solids, liq-
uids, and gases have all been reported (7,8). Spectrophones of unique
design have been developed in this laboratory for gas and/or aerosol
measurements (9). Systems of high sensitivity (v0,001 km=!) have been
developed for measurements with pulsed sources (10) as well as with CW
sources (11), with or without windows, and for continuous flow-through }
operation. Basic to these designs has been an acoustically isolated, i
resonant inner cavity without windows, which generally operates in a
longitudinal acoustical mode in response to the absorption signal.
The isolation thereby obtained effectively eliminates the window
noise, which has been represented as the perennial spectrophone prob-
lem.,

A schematic of a microphone is shown in Figure 1. Within
this cavity, low-Q longitudinal acoustical modes are established in
the gaseous medium from the gaseous or particulate absorption signals.
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Figure 1. Components of cylindrical microphone.

Spectrophone physical considerations and design parameters |3
have been discussed in a technical report (9); but briefly, the vital -
points are that the spectrophone system must be designed to produce
signals proportional to the absorption coefficient and must be linear
with power and be calibratable. Finally, this calibration factor must
be independent of the optical wavelength. The accomplishment of these
qualities is discussed in the aforementioned report for gaseous ab- i
sorption, but the same requirements apply to particulate absorption
measurements, For the particulates, the above design criteria are
manifested in the following concerns: time response of the spectro- I3
phone to particulate matter, behavior of volatile components, and
variation of the optical constants of the particles as a function of 1
particle temperature, Time response for the particulate material
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requires a very complicated calculation for precise results but,

as simplified somewhat, provides an upper bound for the frequency of
the chopped signal. The spectrophone time response can be shown to
vary as the square of the particle diameter, The system parameters
were designed such that there is no significant net temperature in-
crease in the particle per on-off cycle of the beam. By keeping the
maximum particle temperature rise down (<30 C°) the latter two con-
cerns relative to spectrophone design are successfully treated. Tem—-
perature rise in the illuminating beam as a function of particle
radius was calculated for three of the four substances studied to as-
sure that the design criteria are not violated.

These particle heating results are highly dependent in both
spectral form and magnitude on the complex refractive indices. For
example, water particle heating is quite constant as a function of
radius below about 2um, decreasing slowly above that radius, while
particle heating for both quartz and ammonium sulfate were peaked with
maximum temperatures much higher than for water droplets. The fourth,
calcite, was such a weak absorber that in the 9um-11lum region par-
ticle heating was not of concern. Though these heating curves were
calculated, this type of information may be inferred from the spectro-
phone results, When absorption is strong, either beam power or beam
power density is reduced to reduce heating.

For these absorption measurements, particles which had been
ground with mortar and pestle were dispersed in a 0.5 m® environmen-
tal chamber. Two methods of measurement were used. In one, two CW-
source spectrophones were used in a differential mode (12), with one
spectrophone continuously sampling air from the chamber and the other
sampling ambient air without the particles. Or, if the absorption
coefficients of only a few spectral lines were to be measured, a sin-
gle spectrophone might be used and the ambient values measured prior
to and checked following the measurement of dust absorption,

The predominant ambient absorption at the wavelengths of the
CO; laser used (9.2um-10.8um) was by water vapor; and, in fact, a
strong absorption (at R20, 10.247um) was used to calibrate the
spectrophone system for both gaseous and particulate absorption mea-
surements., For this purpose dew point sensors are alwayvs in operation
during absorption measurements.

The measurement procedure for dry particulates was generally
to sample the contents of the holding chamber repeatedly with the
spectrophone system, with a filter carousel device to collect parti-
cles on Nuclepore filters, and with a light-scattering aerosol counter
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developed by Rosen (13). Scanning electron microscope photomicro-
graphs were subsequently taken of particles collected onto the fil-
ters; and these, together with the particle counter results, were used
to determine the form of the particle size distribution. The question
of the calibration of the particle counter may be found elsewhere
(14,15). Here the counter, when operated, was used to obtain only the
total concentration of particles with radii >0.17um,

A schematic of the spectrophone optical path and particle
sampling apparatus is shown in Figure 2, The three sampling flow in-
lets shown, i.e., to the filter carousel, to the particle counter, and
to the vertically mounted spectrophone, are in similar proximity and
orientation in the actual system. For measurement of the absorption
by liquid droplets a larger chamber was constructed (vl m3) and,
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Figure 2. Arrangement of measurement apparatus showing light scat-
tering particle counter, filter particle collectors (6), and spectro-
phone cutawvay. The insert depicts a cross=-sectional view of the fil-
ter carousel., To obtain a filter sample, the top disk is rotated to
expose a filter; and the appropriate valve to the tlowmeter is opened.
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though the spectrophone arrangement is similar to that described for
the dry particulates, a commercial "Knollenberg' particle counter is
used in place of the Rosen counter and a liquid content measurement
takes the place of the filter sample carousel, Intake orifices for
each of these plus that of a dew point sensor are in close proximity
to each other. The droplets are generated by a commercial mist gener-
ator.

Individual droplets cannot be examined in this case but,
since they can be assumed to be quite spherical, the particle counter
8 expected to be relatively accurate since calibration can be per-
ormed using spherical particles having various refractive indices
16).

(SN

£
Several particulate substances were selected for absorption

studies, the prime consideration being relevance to the atmospheric

absorption problem. Absorption studies for particulate quartz, cal-

cite, and ammonium sulfate and preliminary results on liquid water
will be presented in this paper.

Quartz was chosen because of the strong spectral dependency
of the absorption in the wavelength region for the laser source used,
the ready availability of measurements on the bulk properties of the
material, and its stable (and minimally hvgroscopic) nature, in addi-
tion to its frequency of occurrence and relatively strong absorption '
within the 9um to llum region.

Measurement of the absorption of dust as a function of set-
tling time in the environmental chawmber effectively provides results
for a continually changing size distribution. The strong test of cor- ‘
relation between calculated and measured results was an objective of
this procedure. Figure 3 shows spectrophone measurements and Lorenz- {
Mie predictions of the absolute value of the aerosol absorption coef=-
ticient (in units of km‘l) as a function of time after the quartz
samples are dispersed in the holding chamber. To illustrate some of
the difficulties and shortcomings of such a comparison, photomicro-
graphs of the quartz particle filter samples are shown in Figure 4.
Each of the samples was collected over a 2-min interval at the times
t;, t>, and t3 identified in Figure 3. The Lorenz-Mie calculations
of the particle absorption coefficients were made for polvdispersions
of quartz spheres of cross-sectional area equivalent to those measured
on enlargements of the photomicrographs. The high degree of irregu-
larity of the particles is immediately apparent; thus, the supposition
that particles are spherical is not accurate. To further complicate
the comparisons, crystalline quartz is birefringent, with distinctly
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Figure 4. Scanning electron microscope photomicrographs of quartz
\ ! ! !
particles collected onto Nuclepore filters. The corresponding samples

wvere taken at times t,, t», and t3 (see Fig. 3). Each photograph con-

tains the geometric mean radius v, and geometric standard deviation

!

e for log normal size distribut ions obtained bv determining the radii

of spheres of equivalent cross sections from the SEM photomicrographs,

Also shown are the corrvesponding acrosol mass loadings m,

as deter=
mined from the log normal size distribution parameters by using a
quartz density of 2.6 g em=".  The dark civeles are holes
Nuclepore filter substrate.
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different indices of refraction for the ordinary and extraordinary
rays. In accordance with the methods of Peterson and Weinman (17),
the calculations fcr the ordinary and ev*raordinary rays were weighted
on a 2:1 basis. These calculations were vased on the ob.arved parti-
cle size distributions and the complex refractive index for bulk crys-
talline quartz as reported by Spitzer and Kleinman (18). For the cal-
culational approximations made, the agreement, which is roughly within
a factor of 2, should be considered relatively close. It might have
becn more appropriate to use spheres of equal volume in the calcula-
“..ons of particulate absorption, since the particles were generally
small in comparison with the wavelength; however, quantitative esti-
mates of particle volumes from the photomicrographs were not possible.

That the absolute agreement (in magnitude but not in form)
of the spectrophone results and the predictions in Figure 3 is better
for the 10.3um than for the 9.4um results is probably fortuitous.
The measured and predicted time dependencies, however, are quite close
for the results at both wavelengths. The slightly different decay
times for the two wavelengths are a result of the changing particle
size distribution; the agreement between the spectrophone measurements
and the predictions of the temporal changes in the particle absorption
at both wavelengths is encouraging.

A comparison of spectral dependencies of measured and pre-
dicted absorption is shown in Figure 5. The upper three traces are
predictions based on samples taken at times t;, t;, and tj3, which were
previously identified in Figure 3 for different times in the settling
progesgvafter the ground quartz was dispersed into the holding chamber.

& i

Figure 5. Spectral dependence of the
absorption coefficient of quartz dust
as predicted from particle size dis-
tribution measurements and bulk quartz
optical properties by using Lorenz-Mie
theory (absolute scale units of km=!,
upper three curves) and as measured by
using a spectrophone (relative scale,

¥ lower two curves). The lower two
, \’\\;3\ . curves represent data using dust
“ 1\\\ ] ground from two different bulk quartz
R b samples. The three upper traces
e PSS

\ correspond to sampling times t; = 11
r""W”M"“W““"“ D min, t; = 27 min, and t3; = 47 min, as
L)

) W W

e =
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R A explained in the text.
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The lowest two traces refer to spectrophone measurements made at

times comparable with the approximate time interval from t, to tj

and should, therefore, be compared with the spectral variations shown
in the predictions for those times., The spectrophone results repre-
sent a number of different measurements that were all normalized to a
fixed time. The spectrophone signal time decay was removed by period-
ically repeating measurement of the absorption signal at particular
laser lines. At the longest wavelengths, the absorption fell well
below the ambient air absorption (primarily water), and this stressed
the subtraction process, though not severely. The resulting errors in
measurements of absorption (which are indicated by the spread in the
data points) are larger than practical sensitivity limits because,
despite the considerable noise in the laboratory during these experi-
ments, no spectrophone acoustic isolation additional to that designed
primarily for closed system gaseous absorption measurements was used.

In any case, there is general agreement of the measured and
predicted absorption profiles over the 9.2um-10,.8um spectral range,
though significantly different behavior is obtained within the 9,2um-
9.4um wavelength region. The upper absorption spectrum shown in
Figure 5 for the spectrophone measurements is representative of a num-
ber of samples prepared from a block of high purity crystalline
quartz., Some significantly different behavior (e.g., a small, sharp
peak at 9.22um shown in the lowest curve) has been observed for sam-—
ples associated with another source of quartz,

Spectrophone measurements of a number of different quartz ﬂ
aerosol samples prepared by the procedures described above showed re- '
peatability of the time and spectral dependencies evident in Figures
3 and 5.

By contrast with quartz the spectral dependence of calcite
is very flat and the absorption quite weak in the 9um-llum wavelength
region., Spectrophone measurements of the spectral dependence of cal-
cite agree well with that of spectrophotometer results obtained by the
potassium bromide technique., Because of the weak absorption, this
common atmospheric ingredient was not studied further. : k

Ammonium sulfate is also generally believed to be a fre-
quently occurring atmospheric absorber and, like quartz, is known to
have a strong absorption between 9um and 10um. Once again the
measurement process was initiated by grinding and sieving the coarse-
grained reagent-grade material and dispersing it within the environ-
mental chamber. The very large particles alwavs settle out quickly
and the mean particle radius (and breadth of the size distribution
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with respect to particle radius) becomes smaller with time, though
some deviations from a simple settling process can result due to small
amounts of turbulence in the chamber., This can be seen in the sample
size distribution data of Figure © in which the T-values represent
successive times in the settling process, Measurements of the absorp-
tion were again compared with results calculated from the particle
density as a function of size showing the degree of correlation over a
continuously changing distribution. Since ammonium sulfate, like
quartz, has a peak absorption at about 9.2um and a relatively weak
absorption at 1Oum, lines from each region were used in the spectro-
phone measurements of absorption as a function of settling time.

. i Figure 6. Particle size distribution measure-

E i ments (shown in units of number/cc/x-interval) vs
-*%' particle size parameter, x = 2nr/\. Curves T-2
3 E through T-5 refer to 2-min samples centered at
| - 94, 14,4, 20,0, and 33.0 min after dispersal of
& F | the dust in the environmental chamber. The first
3 sample, T-1 at 4.2 min showed a heavy concentra-
v F tion of particle clusters and was not analyzed.
: | |
2 oo

'

Figure 7 shows absorption results for these two frequencies,
both as measured and as calculated in the same manner as for quartz. |
Although ammonium sulfate is trirefringent (quartz was birefringent) &
the indices do not differ markedly. The size distribution data used !
in the calculations are shown in the previous figure (6). Here, the
9.25um results are in comparatively close agreement, considering the
calculational difficulties, though the time dependencies are different i
The 10.22um results for ammonium sulfate show a difference which .
increases with time--to a point. A consistency which has been noted
for the two substances, i.e., quartz and ammonium sulfate, is that the
measured spectral dependencies are greater than the calculated quan-
tities and, further, the measured spectral dependence increases with
time faster than predicted and then appears to level off. The theory
indicates that, for any particulate substance, the spectral dependence
becomes independent of particle radius for r<<l, The size distribu-
tions of these data approach but do not really satisfy this criterion
even at the largest settling time.
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Figure 7., Absorption coefficients of
ammonium sulfate dust as a function of
time after dispersal, as predicted and
measured with a spectrophone, for two
wavelengths.

Absorption as a function of par-
ticle size parameter is plotted in Figure
8 for 9.25um and 10.22um to show from what
size range the significant contributions
to the absorption come. For example, at
9.25um approximately 807% of the absorp-
tion for the first time period is due to
particles between 1l.2um and 6.3um and for
the last time period particles between
1l.0um and 2,9um contribute about the same
percentage., Again, at 10.22um, 80% of the
absorption occurs between 1l.,2um and 6.3um

for the first time period but the radius range is now broader at 1.5um

to 3.7um for the last period.

settling time.

It can be seen from Figure 7 that, particularly for the

10.22:m calculated absorption, there is considerable fluctuation with
This apparent sensitivity to details of the size dis- |
tribution and wavelength was not encountered for quartz,

Evidence of

this sensitivity is also shown in Figure 9.
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Figure 9. Absorption coefficients of

T PR ammonium sulfate dust as a function of
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& E The spectrophone results are close to

2 F . those of Figure 7. However, the predicted
r absorption is now higher though the corre-
L  sponding '"differential' absorption plot

. does not appear significantly different in
b5 b Ak oded form from that of Figure 8.
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Another aspect of this particulate data that is of interest
relates to the fact that the data were taken for three different chop-
ping rates. The spectrophones were calibrated for each of these rates
using the ambient water vapor absorption. Time response calculations
indicate that the higher frequencies should be adequate for the par-
ticle size distribution encountered, and these data constitute an ex-
perimental check on this and should indicate whether the largest par-
ticles contributing significantly to the absorption are within the
spectrophone response time. The smooth curve shown, in fact, gives no
evidence of absorption dependence on the chopping frequencies used,

The overall agreement between spectrophone measurements and
calculated values for distributions of particles that are quite irreg-
ular, e.g., quartz and ammonium sulfate, is perhaps surprising consid-
ering the uncertainty associated with the estimation of the effective
cross—-secticnal areas of the particles. However, measured spectral
dependencies do appear to be greater than predicted. The reason(s)
for this may be associated with the area estimation just mentioned.
If the areas are being overestimated (as is probably the case), the
spectral dependence would be reduced. Of course this would also cause .
a general decrease in magnitude of calculated absorption.

These uncertainties unique to irregular particles should not
be of concern in measurement of water droplets found in foggy and hazy
environments. The spectral dependence of water absorption in the
9.2um to 10.8um wavelength range is quite flat so the principal
question is whether the magnitudes by the two methods agree. The
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instrumentation, as discussed, gives several points of comparison in
close spatial proximity, i.e., the chamber water vapor partial pres-
sure, the total particulate water mass density, the number density as
a function of size using a commercial particle spectrometer and the
spectrophone spectral absorption values. The water vapor pressure in
the chamber was used to calibrate the spectrophone and is the predomi-
nant gaseous absorber for the 10um wavelength region--hence dew point
and temperature measurements. A measurement of the liquid water con-
tent (LWC) was obtained using the particle spectrometer as well as
with separate instruments. The check is an important one because of
correlations sought between meteorclogical parameters and absorption
values, Though it is not a very stringent test of the particle
spectrometer performarce, the LWC results have been found to agree
very well with the same quantity as measured with the particle
spectrometer,

Since water droplets in fogs tend toward large geometric
mean radii, spectrophone time response is once again being investi-
gated as a function of chopping frequency for droplet distributions
from the largest to be encountered in the chamber to the smallest.
Calibration of the particle spectrometer with respect to response as a
function of radius and for demsity is currently uncertain and under
investigation.

A number of spectrophone measurements of the water droplet
absorption have been made and compared with calculated results based
on thd particle spectrometer data., These results show agreement
within about a factor of two. Comparative results are currently being
obtained for a variety of droplet distributions in an attempt to cor-
relate the absorption with simpler measurements in a simple and direct
way,

By the time this paper is presented specially designed
spectrophone/particle spectrometer systems will have been operated in
a field measurement program to identify atmospheric effects on high
energy lasers and EO systems at WSMR. The adaptation of the labora-
tory in situ absorption measurenment systems involves a number of
design requirements. As an example, low visibility conditions are of
prime interest and, for dusty conditions, this frequently implies high
wind velocities. The problem arising from this is that the spectro=
phone must sample the medium without moditying the size distribution
or the densities. To cope with the problem, an intake system based on
calculations of aero and particle dynamics has been designed to mini-
mize distortion of the atmospheric quantities.

g
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Another example is found in the requirement to perform sen-—
sitive acoustically based measurements in a high noise level environ-
ment. A relatively high degree of acoustical isolation is inherent in
the spectrophone design (9), but further acoustic damping for the in-
take system has been designed and tested. Sample results for spectro-
phone svstems operating between 350 and 750 Hz chopping rates are
shown in Figure 10. These mechanical dampers are simply inserted in
series with the microphone in the spectrophone syvstem,

+28
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\
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Figure 10. Attenuation of extraneous acoustical noise by spectro-
phone mechanical filters, Design range from 350 to 750 Hz,

The approach for this measurement program is and has been to
study particulate and gaseous absorption under relatively controlled
conditions using prototype spectrophone systems and correlative pre-
dicted values. On the basis of the experience pained making measure=
ments under laboratory conditions, systems for field measurement pro=-
grams are then designed, tested and placed in service,
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